Wolfiporia extensa is a basidiomycetous brown rot fungus and is of well-known medicinal import in China, Japan, and other Asiatic countries. Fruiting body induction is of major relevance for basic biological research and for their use in industrial applications. Based on the evaluation of the effects of temperature, time in the dark before induction and culture, and wounding treatment on fruiting, this report describes the most efficient protocol for inducing fruiting of W. extensa growing on agar plates. Furthermore, several biological characteristics of teleomorph, such as the locations of hymenium, the configuration of basidiospores and primary mycelia, and events involved in basidiosporogenesis in W. extensa, were analyzed for the first time using fluorescence microscopy. The results showed that the hymenium born on both sides of the wall of the honeycomb-like structure on the surface of fruiting bodies and the hymenophoral trama situated in the middle. Each basidia has 4 binuclear basidiospores, and the primary mycelia are multinucleate without clamp connections. These results broaden our knowledge about this brown rot fungus and promote further studies of the sexual reproduction, fruiting body development, and advancement of breeding program, new topics related to the contents of pharmacologically active substances in W. extensa fruiting bodies.
I. INTRODUCTION
Hoelen medicinal mushroom Wolfiporia extensa (Peck) Ginns (=Poria cocos F.A. Wolf, Polyporaceae, higher Basidiomycetes) can form large sclerotia (fuling in Chinese) close to the roots of conifers such as Picea, Tsuga, and Pinus and hardwood trees such as Citrus, Eucalyptus, Quercus, and Fagus. 1 The dried sclerotia have been used as a sedative, stomachic, and diuretic in traditional Chinese herbal medicine for thousands of years and has been commercially applied to formulate nutraceuticals or functional foods. 2 Several reports demonstrated that polysaccharides and triterpenoids of W. extensa are 2 major categories of pharmacological compounds with multiple immunostimulatory activities and positive antitumor, anti-inflammatory, and invigorating activities. [3] [4] [5] [6] Furthermore, W. extensa is known for its importance in causing host decay and its secretion of multiple lignocellulose-degrading enzymes that could be used as a potent resource for fiber bleaching and organopollutant degradation. 7, 8 To produce sclerotia, W. extensa had been cultivated with pine logs on a large scale in China for many years. 2 However, the major problem currently facing growers of W. extensa is the serious phenomenon of strain degeneration. The cultivation of a degenerative strain with 10 kg of pine logs produces only about 0.5-1.5 kg of sclerotia (a decrease from about 3-4 kg) or does not successfully produce any sclerotia, which result in the waste of huge amounts of pine source and economic damage. 9 Breeding W. cocos nowadays still isolates tissue from sclerotia, 10 and such long-term asexual reproduction may cause this serious phenomenon of degeneration of W. extensa strains. In an effort to resolve this issue-especially to breed excellent strains with large amounts of pharmacologically active substances-more advanced breeding programs should be established. The formation of W. extensa fruiting body is a prerequisite for obtaining basidiospores, which are used as breeding materials. However, in spite of the extensive number of hosts and the large geographical range W. extensa is known to its cover, fruiting bodies are rarely observed in nature. There were a few reports of W. extensa fruiting bodies occurring on host logs, sclerotia, 11, 12 or agar plate media in laboratories, and the formation of a fruiting body was still a rare event and susceptible to the genotype and cultural conditions. 13 Furthermore, biological characteristics of the teleomorph of this Polyporaceae species is poorly understood.
Therefore, this report establishes an optimum method for indoor induction of W. extensa fruiting bodies after testing three factors: temperature, time in the dark before culture/induction, and wounding treatment. To clarify the biological characteristics of the teleomorph, we observed the morphological characteristics of the fruiting body, the locations of hymenia, the configuration of basidiospores and primary mycelia, and events involved in basidiosporogenesis in W. extensa. The results presented here will stimulate new thinking on the study of fruiting body formation in W. extensa under in vitro conditions, increase our knowledge about this brown rot fungus, as well as promote further studies of the sexual reproduction, fruiting body development, and advancement of breeding of W. extensa. Moreover, pharmacologically active substances in and production of fruiting body of W. extensa are valuable issues for further research concerning wasted pine resources and soil contamination during filed cultivation. 
II. MATERIALS AND METHODS

A. Collecting Mushroom Strains
Ten W. extensa strains from 5 Chinese provinces were used in this study. Strains W, EL1, Z (L), and SZ were collected from the Mushroom Spawn Center of Huazhong Agricultural University in the Hubei Province. Strains JZ28 and S1 were collected from Shanxi Province and kindly provided by the Microbiological Institute of Shanxi Province. Strains L, GZ, DB, and ACCC50478 were derived from Anhui Province, Guangdong Province, Heilongjiang Province, and Beijing and provided by the Hubei Academy of Traditional Chinese Medicine, Guizhou Academy of Agricultural Sciences, Heilongjiang Microbiological Institute, and Agricultural Culture Collection of China, respectively.
B. Cultivation in the Field
Ten strains of W. extensa were cultivated in fields before the evaluation of the sclerotia yield. Shortcut pine logs (6 kg) inoculated with pine sawdust spawn (400 g) of every stain were placed in 50 × 30 × 30-cm pits and covered with 3-5 cm of sandy soil. After 7 months growing underground in natural conditions, the sclerotia were harvested and the yield assessed. This experiment included 3 replicates, with 3 pits in each replicate.
C. Fruiting Body Induction Assays
All cultures were grown in triangular glass flasks (8-cm base diameter, 14-cm height) containing 30 mL of solid complete yeast medium (CYM). Each treatment included 3 replicates, and 10 flasks were used in one replicate. Four temperature treatments (12, 16, 22 , and 26°C) were used to investigate the effect of culture temperature on fruiting. Mycelia of 10 strains were incubated on the medium and cultured at 25°C in darkness for 5 days; they then were transferred to corresponding treatments with a 12-hour light (600 lx)/12-hour dark cycle to assess the percentage of fruiting body formation. To monitor the effect of time spent in the dark before culture, the mycelia of strain L were cultured in the dark for 5, 15, and 30 days, and then were transferred to 22°C with a 12-hour light (600 lx)/12-hour dark photoperiod for 2 months to investigate the formation of fruiting bodies.
To evaluate the influence of mycelia wounding on fruiting body formation, the CYM plates with precultured strain L hyphae (25°C for 30 days in darkness) were scratched with one sterile blade to physically wound the cells and then separated into several 1 × 1-cm square disks. The disks were subcultured individually on fresh CYM and transferred to 22°C with a 12-hour light (600 lx)/12-hour dark photoperiod. A parallel experiment without wounding was performed as a control.
D. Single-Spore Isolation and Fluorescent Nuclear Staining
The fruiting bodies were picked out and placed onto a sterile Petri dish containing 20 mL of solid CYM. The plates were placed upside down and incubated at 25°C so spores could shed onto the lid of the Petri dish. The spore suspension was obtained by adding 10 mL sterilized water to the spore print and using a sequential gradient dilution with sterile water until a concentration of 1 × 10 3 spores/ mL was achieved. The spore suspension (0.1 mL) was spread on CYM plates and incubated at 25°C for spore germination. The microcolonies originating from a monospore were monitored daily under a microscope (magnification ×10) (Wetzlar, Germany). Nuclei of basidiospores and single-spore isolates were stained with 50 μg/mL bisbenzimide (Hoechst 33258; Sigma) for 3 to 5 minutes, as described in previous reports.
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E. Optical Microscopy and Scanning Electron Microscopy
Context samples were dissected and removed carefully using a fine dissection needle and fixed with 2.5% glutaraldehyde in 50 mM sodium phosphate buffer (pH 7.0) for 4 hours at 4°C. The well-fixed samples were washed thrice for 5 minutes in the same buffer and then made into paraffin sections, as described in previous reports. 15 Good preparation of paraffin sections were examined by a DM2500 ordinary optical microscope (LEICK, Germany). The scanning electron microscopy analysis was performed by the method of Saksena et al. 16 The dried sections at different developmental stages were pulled apart with a pair of tweezers to expose the basidia and basidiospores. The sections were coated with a 150-Å-thick gold layer and observed using a JSM-6390LV scanning electron microscope (NTC, Japan).
F. Statistics Analysis
The average probability of fructification was defined by counting the ratio of flasks with fruiting bodies among all trial flasks. All statistical analyses and significance tests were performed with the Microsoft Excel data analysis package (Microsoft Office XP 2003; Microsoft Corp., Redmond, WA, USA).
III. RESULTS
A. Effects of Temperature on Fruiting
Temperature was very important for fruiting body formation. The induced efficiency at 22°C was significantly higher (P < 0.01) than other temperature treatments. The average probability of fruiting body formation among 10 strains were 5.0%, 6.0%, 17.5%, and 2.0% at 12, 16, 22, and 26°C culture conditions, respectively. All 10 strains were induced successfully at 22°C, and only few of strains could fruit at the other 3 temperatures. There also was a significant (P < 0.05) difference between the induced efficiency of various genotypes, and strains L, W, and DB more easily developed fruit than the other 7 strains (Fig. 1) . To investigate the possible cause of the difference of fruiting body formation among these strains, we analyzed the correlation between the efficiency of fruiting body formation at 22°C and the production of sclerotia in field cultivation. The results showed significant negative correlations between these 2 properties (P < 0.05) (Fig. 2) . This result indicted that the stains with rapid vegetative growth (highyield stains) were difficult to switch to reproductive growth (fruiting).
B. Effects of Time Spent in the Dark before Culture on Fruiting
According the results presented earlier, the best strain, L, growing at 22°C, was selected to investigate the effect of time spent in the dark before culture on fruit induction. The average probabilities of fruiting body formation were 36.7%, 43.3%, and 63.3% when strain L was precultured in the dark for 5, 15, and 30 days, respectively, and then induced under a 12-hour light (600 lx)/12-hour dark photoperiod (Fig. 3) . The increased time in the dark before culture is obviously beneficial for fruiting body formation in W. extensa. Furthermore, the hyphae of strain L grow vigorously when precultured in the dark for 30 days, and in the following culture stage, the fruiting bodies sometimes would be covered by the overgrown aerial mycelia (Fig. 4a) .
C. Effects of Wounding Treatment on Fruiting
Strain L was tested by wounding the cells using a sterile blade to scratch the 30-day hyphae precultured in the dark. The result showed that the
FIG. 1: Effects of temperature on the induction of fruiting bodies in Wolfiporia extensa.
a Average probability of fruiting bodies forming among L, W, and DB strains. b Average probability of fruiting bodies forming among 10 tested strains. **Significant at P < 0.01.
FIG. 2:
Correlation analysis between the average probability of fruiting bodies forming and sclerotia being produced in field cultivation of Wolfiporia extensa. *Significant at P < 0.05. fruiting bodies appeared earlier in the wounding strain than they did in the control. Moreover, the percentage of fruiting body formation in the wounding culture was significantly higher than in the control (Fig. 5) . The wounded aerial mycelia seemed morphologically weak and easily formed obvious cordons in the first week of subculture. In the following week, more small fruiting bodies were observed on or near the inoculation block in one flask and then developed into mature fruiting bodies (Fig. 4b) . In the third week, fruiting bodies could be seen nearly in all of the trial flasks. 
D. Morphological Characteristics of Fruiting Bodies and Hymenia
The W. extensa fruiting bodies observed in this study were small in size, had a yellowish pigmentation, fragile texture, and a well-shaped, honeycomb-like structure on the surface (Fig. 4c) . They showed similarities to the fruiting body that naturally forms on sclerotia as reported by Xiong et al., 10 except for the irregular shape and a smaller volume of honeycomb-like structures (Fig. 4d) . Except for large size, dark-brown pigmentation, and tough texture (Fig. 4e) (http://genome.jgi-psf. org/Wolco1/Wolco1.home.html), the image or description of the fruiting body on the rotten trunks of host trees also showed similarities to the fruiting body induced in this study. 11 The microstructure of both frozen sections and paraffin sections showed that the hymenia born on both sides of the wall of honeycomb-like structure, the hymenophoral trama is situated in the middle, and the basidia were nearly vertically arranged with the hymenophoral trama (Fig. 4f) . The hymenophoral trama exhibited regular to irregular shape, made up by loosely arranged hyphae, and the basidia were densely arranged (Fig. 4g) .
After the fruiting bodies grew, they were picked out and placed on a new plate; then the plate was placed upside down so spores would shed on the lid of Petri dish. The white spore print was observed on the lid of the Petri dish about 2-3 days later. The basidiospores are translucent, smooth, and form a long oval as viewed using an optical microscope (Fig. 4h) . Fluorescent nuclear staining showed that most of the basidiospores had 2 nuclei (Fig. 4i) , and the primary mycelia of W. extensa were holocoenocytic without clamp connections (Fig. 4j) .
E. Basidiospore Development in W. extensa
Further research using scanning electron microscopy presented the ultrastructure of the basidiospore developed in W. extensa (Fig. 6) . Basidiospores began to form after a hyphal cell differentiated into a basidium (Fig. 6A) . Young basidia were common in the early stage of fruiting bodies. They were cylindrical and slightly swollen at the apex. The basidial cells subsequently swell, and their surfaces become slightly wrinkled. This wrinkled appearance persists throughout the development of the whole spore. Subsequently, 4 mastoid protosterigmata were symmetrically distributed on the epibasidium, and the formation of protosterigmata was asynchronous (Fig. 6B) . A 2-μm-high slender sterigmata the started to develop on the top of the protosterigmata (Fig. 6C) . Each sterigmata bore a basidiospore. Young basidiospores are nearly spheroidal, and their surfaces are smooth (Fig. 6D) . Subsequently, the young basidiospores began to swell, and their surfaces became slightly wrinkled (Fig. 6E) . Mature basidiospores were long and oval in shape and were common in the later developmental stages. These basidiospores have a rough texture and show clear veins, with more longitudinal veins and fewer cross veins (Fig. 6F) . After basidiospores were discharged, the sterigmata and the basidia collapsed and appeared flaccid; Buller's drop was not observed during this process (Fig. 6G, 6H , and 6I). It also revealed that some sterile cystidia were mixed with the basidia.
IV. DISCUSSION
Fruiting body induction is a prerequisite for the study of sexual reproduction and cross-breeding of W. extensa. This report presented a successful effort to induce W. extensa fruiting bodies in a laboratory. It showed that the highest probability of fruiting body formation (97.8%) occurred after wounding cells with a scratch from a sterile blade on precultured vegetative hyphae (25°C, 30 days in darkness), followed by subculture on fresh CYM at 22°C in combination with a 12-hour light (600 lx)/12-hour dark photoperiod (Fig. 4) . In total it required 37 to 51 days to progress from vegetative hyphal growth to fruiting body formation. Furthermore, the pure fruiting body obtained in vitro has obvious advantages for basiodiospore collection for further research in comparison with natural material.
In this report, the optimum temperature (22°C) for W. extensa fruiting body formation was lower than those for hyphal growth (Fig. 1) , which was recorded at 25-28°C in a previous study. 10 This trait was in accordance with many other reports about mushroom cultivation, which showed the temperature for reproductive growth should be lower than those for vegetation growth. 17, 18 Fungal fruiting body formation is considered a normal part of the aging process and can be caused by nutrient exhaustion, mechanical injury, chemical stimulation, or other environmental changes. [19] [20] [21] [22] In this study, the CYM flasks with 1-month-old vegetative hyphae had a higher probability of fructification compared with 5-day-old and half-month-old vegetative hyphae (Fig. 3) . It was possible that nutrients were depleted in the former CYM flasks and that this triggered a phase change, or 30 days of incubation may create a more suitable internal genetic condition for sexual reproduction. Furthermore, wounding of vegetative hyphae was found to be another important cause for rapid and more voluminous formation of fruiting bodies of W. extensa (Fig. 4) . This phenomenon also was observed in the induction of Taiwanofungus camphoratus fruiting bodies in a laboratory. 20 This study could open a broad avenue for the induction of W. extensa fruiting bodies in vitro, especially for the study of fruiting body formation in a short time.
Fluorescent nuclear staining and scanning electron microscopy observations were powerful tools used to observe the configuration of primary mycelia, basidiospores, and events involved in basidiosporogenesis. The primary germination of mycelium from a single spore was holocoenocytic with no clamp connections (Fig. 4j) , which was similar to that of the mycelia isolated from sclerotium described by Igari et al. 23 The exception of 4 binucleate basidiospores in W. extensa is rarely reported in other basidiomycetes (Fig. 6) . Binucleate basidiospores could possibly originate from the aberrant migration of 2 haploid nuclei to a single basidiospore or, alternatively, from the absence of nuclear disjunction at the end of postmeiotic mitosis in basidiospores. 24 Fluorescence microscopy was used to analyze hymenium to reveal the pattern of nuclear behavior in W. extensa; however, it failed because the honeycomb-like structure on the surface of fruiting bodies (location of hymenia) of W. extensa is small, and it was difficult to clearly observe the pattern of nuclear behavior. In addition, whether the 2 nuclei were genetically different or not needs to be confirmed by further experiments. In addition, Buller's drop was not observed in the basidiosporogenesis study, suggesting that the spore dispersal strategy may be ballistosporal.
